Introduction
============

Plants continually interact with fungi, bacteria, and viruses. Whereas defense pathways are often mounted in response to pathogens, they are tightly controlled to allow beneficial associations with symbionts (Figure [1](#F1){ref-type="fig"}). Several symbioses also require specific signaling pathways to accommodate microbes intracellularly (endosymbioses) and trigger, in some cases, the development of root nodules (Riely et al., [@B58], [@B59]). The aim of studying plant--microbe interactions is to better understand these responses, their regulation, and their relatedness. Insights gained from such research should aid in engineering plants with improved pathogen resistance and novel symbiotic interactions. Proteomics, the characterization of a set of proteins under specific conditions, is a valuable tool for advancing plant biology (Wilkins et al., [@B79]). However, plant tissues provide significant technical challenges for proteomics, as they generally have large dynamic ranges of protein abundances (McCabe et al., [@B52]; Bindschedler and Cramer, [@B4]). Plant--microbe proteomics poses additional challenges, such as the need to differentiate between plant and microbial proteins (Mathesius, [@B50]). Herein, we review the use of proteomics for plant protein analysis, emphasizing applications to plant--microbe interaction research.

![**Signal exchanges between host plant and microbes**. In legume nodulation and pathogenesis, respectively, Nod factors and PAMPs/effectors are secreted by the microbes in response to isoflavonoids and defense molecules secreted by the host plant. In arbuscular mycorrhization, the fungi secrete Myc factors, while the plant secretes strigolactones, causing hyphal branching of the fungus. Perception of microbial signals results in plant protein abundance and PTM changes, which can be detected using the proteomic techniques discussed herein.](fpls-03-00044-g001){#F1}

Protein/Peptide Separation Techniques
=====================================

Many protein and peptide separation methods have been developed, most being based on exploiting differences in size, charge, and/or hydrophobicity. A significant amount of information has been gained from proteomic studies using classical gel-based separation, as resolved proteins can often be identified and further characterized by mass spectrometry (MS). However, MS technologies are frequently more powerful for large-scale proteomics when combined with gel-free separation techniques (Roe and Griffin, [@B61]).

Gel-based separation
--------------------

Two-dimensional gel electrophoresis (2-DE) involves resolving proteins by isoelectric point (p*I*) and molecular weight (Gorg et al., [@B22]; Kav et al., [@B37]). 2-DE has long been utilized for identifying plant protein abundance alterations in response to microbes and still remains a viable technique (Recorbet et al., [@B57]). Amiour et al. ([@B1]) used 2-DE to analyze *Glomus intraradices*-induced proteome changes in wild-type *Medicago truncatula* plants in comparison with *does not* *make* *infections 3* (*dmi3*) and *supernumerary* *nodules* (*sunn*) mutants. Proteins with roles in redox regulation and defense response exhibited differences in abundance upon infection in both mutants, with additional proteins changing specifically in the *sunn* mutant. Besides model plants like *M. truncatula* and *Arabidopsis thaliana*, proteomic studies using 2-DE have also been performed on major crops, including soybean, tobacco, and rice (Takahashi et al., [@B72]; Jones et al., [@B34]; Perez-Bueno et al., [@B55]; Subramanian et al., [@B70]).

Fluorescence difference gel electrophoresis (DIGE) was developed as a more quantitative form of 2-DE. Here, samples are differentially covalently labeled with fluorophores, allowing for distinction between proteins resolved on the same gel (Unlu et al., [@B75]; Hamdan and Righetti, [@B28]). This approach controls for gel-to-gel variation, but does not overcome the issues of spot overlap which confound quantification (Campostrini et al., [@B6]; Roe and Griffin, [@B61]). DIGE was, for instance, applied to compare antibody-mediated compatible plant--virus interactions using transgenic plant tissue, demonstrating the power of coupling proteomics with genetics for improved characterization of protein function. Here, proteomic comparison of challenged wild-type and transgenic cucumber mosaic virus-resistant tomato plants demonstrated that the coat protein-specific antibody present in the transgenic plants could hinder the spread of the virus to uninoculated tissues (Di Carli et al., [@B14]). Schenkluhn et al. ([@B67]) used DIGE to investigate *M. truncatula* root proteomic responses to symbionts (*G. intraradices* and *Sinorhizobium meliloti*), both alone and combined with secondary pathogenic (*Aphanomyces euteiches*) infection. In mixed infections, no changes in pathogenesis-related (PR) proteins and decreased abundance of pathogen-induced proteins were observed, demonstrating that this symbiotic association provides some level of "bio-protection" to the host plant.

Gel-free separation
-------------------

While gel-based separation is still frequently utilized for certain proteomic applications, gel-free techniques for separating peptides after sequence-specific digestion have become standard for large-scale shotgun proteomics (Roe and Griffin, [@B61]). Most gel-free methods utilize two (2D LC) or more complementary dimensions of liquid chromatography, as extensive pre-fractionation of peptide mixtures significantly increases proteome coverage with MS-based peptide sequencing (Mallick and Kuster, [@B46]). Multidimensional protein identification technology (MudPIT), which combines strong cation exchange (SCX) with reversed phase (RP) chromatography, is perhaps the most well-known 2D LC technique, but many other complementary forms of peptide separation exist (Gilmore and Washburn, [@B20]). As opposed to MudPIT in its original implementation, however, SCX and other pre-fractionation techniques are now most commonly performed "offline" prior to LC-MS/MS (Gilmore and Washburn, [@B20]).

Several studies have demonstrated the power of gel-free proteomics for identifying protein changes in plant--microbe interaction systems. 2D LC-MS/MS was applied to identify 377 unique plant proteins in the nodules of *M. truncatula* plants inoculated with *S. meliloti* (Larrainzar et al., [@B43]). This general approach has also been applied to crops, including rice and pea (Saalbach et al., [@B64]; Ventelon-Debout et al., [@B76]; Zhou and Yang, [@B82]). 2-DE and 2D LC are often used together as complementary separation techniques. Caplan et al. ([@B7]) combined 2D-DIGE with MudPIT to identify cytoplasmic and endoplasmic reticulum (ER)-associated molecular chaperones as differentially regulated in *Nicotiana glutinosa* upon infection with tobacco mosaic virus. Interestingly, these results were followed up with reverse genetics using virus-induced gene silencing (VIGS) to test the biological significance of altered levels of ER chaperones.

Protein Identification Using Mass Spectrometry
==============================================

Mass spectrometry is the most common technique for unbiased protein identification and has been widely applied to plant--microbe proteomics (Mathesius et al., [@B51]). Protein/peptide ionization, ion separation, and detection are the three major steps for MS analysis (Mann et al., [@B47]). The major protein/peptide ionization techniques are matrix assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI), while mass analyzers include time-of-flight (TOF), quadrupole, ion trap, orbitrap, and Fourier transform ion cyclotron resonance (FT-ICR; Mann et al., [@B47]; Chait, [@B9]). In tandem MS (MS/MS), precursor ions observed in an initial MS scan (MS^1^) are isolated and subjected to fragmentation, resulting in sequence-informative product ions that are detected in subsequent MS scans (MS^2^; Gygi and Aebersold, [@B26]). Fragmentation methods include collision-based (e.g., CAD, HCD) and electron-based (e.g., ECD, ETD) dissociation (Coon, [@B13]). Post-data acquisition, search algorithms (e.g., SEQUEST, Mascot, OMSSA) are used to compare observed ions against databases containing known protein sequences to identify peptides at some false discovery rate (FDR; 1% is standard; Elias and Gygi, [@B16]; Kav et al., [@B37]).

The advancement of MS technologies has enabled a recent surge in the field of plant--microbe proteomics. Just over half a decade ago, MALDI-TOF/TOF was used to compare the responses of wild-type *M. truncatula* with the ethylene-insensitive mutant *sickle* (*skl*; Prayitno et al., [@B56]). In this analysis, ethylene-inducible proteins were found to be altered between genotypes. While MALDI has unique applications such as tissue imaging, compatibility with online LC separation has made ESI the method of choice for integrating large-scale shotgun proteomics into a systems biology approach. Very recently, Salavati et al. ([@B65]) combined nano-LC-MS/MS with transcriptomic analysis to investigate the initiation of symbiosis between soybean and *Bradyrhizobium japonicum* by comparing super-nodulating and non-nodulating varieties to wild-type plants. The results support the hypothesis that defense and signal transduction-related processes are negatively regulated in super-nodulating lines, correlating with a suppression of the auto-regulation of nodulation (AON) mechanism.

While current MS instrumentation allows for the collection of vast amounts of data, the importance of informatics in proteomics is especially evident for plant research, as the reliance on database searching becomes problematic when studying organisms without sequenced genomes. This hurdle can be overcome to a large extent by relying on homology, as has been demonstrated by identifying proteins from *Araucaria angustifolia* by searching against *Oryza sativa, A. thaliana*, and *Solanum oleracea* sequences using Mascot and MS BLAST (Junqueira et al., [@B35]).

Protein Quantification
======================

Quantification can be applied to proteomics using either stable isotope labeling or label-free methods. In spectral counting, a popular label-free method, the number of peptide-associated MS/MS spectra are summed for each protein and statistical analyses are used to determine differential protein expression (Washburn et al., [@B78]). Spectral counting is effective, but is best-suited for detecting relatively large changes in moderately abundant proteins (Mallick and Kuster, [@B46]). Isotope-assisted quantification methods include *in vitro* chemical (e.g., ICAT, iTRAQ) or *in vivo* metabolic (e.g., SILAC, ^15^N-labeling) labeling of biological samples. In ICAT (isotope coded affinity tags), proteins are tagged with heavy and light isotopes using cysteine-modifying reagents, pooled, digested, and compared by MS (Gygi et al., [@B27]; Colas et al., [@B12]). In a more recently developed technique termed isobaric tagging, digested peptide samples are labeled on amines with commercially available iTRAQ (isobaric tags for relative and absolute quantification) or TMT (tandem mass tags) reagents (Thompson et al., [@B73]; Ross et al., [@B63]; Dunkley et al., [@B15]; Jones et al., [@B33]; Scherp et al., [@B68]). A major advantage of isobaric tagging is that this strategy can be applied to directly compare up to six (TMT) or eight (iTRAQ) separate samples in one experiment. With stable isotope labeling of amino acids in cell culture (SILAC), cells, or plants are grown on media supplemented with heavy isotope-containing amino acids, allowing for labeling of proteins as they are synthesized (Ong et al., [@B54]). Metabolic labeling of plants can also be performed using ^15^N, however this approach requires rigorous bioinformatics (McIlwain et al., [@B53]). When choosing a quantification method, other practical trade-offs to consider are that isotopic labeling experiments can be quite expensive, while label-free methods generally require significantly more instrument time.

The above techniques provide powerful tools for identifying proteome alterations of plants in response to microbes. Lee et al. ([@B44]) quantified over 1,100 proteins from resistant and susceptible *Phaseolus vulgaris* plants post-infection using spectral counting, leading to the characterization of basal and *R*-gene-mediated plant defenses. Using iTRAQ-based quantitation, Kaffarnik et al. ([@B36]) analyzed the secretome of *A. thaliana* in response to infection by *Pseudomonas syringae*. This work identified an alteration of extracellular proteins upon infection, suggesting a pathogen-mediated manipulation of host protein secretion. Keinath et al. ([@B38]) employed ^15^N-labeling to reveal pathogen-associated molecular pattern (PAMP)-induced changes in detergent-resistant membranes of *A. thaliana*, identifying novel components of plant immunity. Future applications of isotope-assisted quantification to plant--microbe proteomics should reveal alterations in low-abundance membrane proteins and small changes probably missed with gel-based separation and label-free quantification.

Identification of PTMs
======================

Post-translational modifications (PTMs) affect protein structure, activity, and stability, and play an important role in the regulation of a wide range of biological processes. While hundreds of PTMs have been described, only few have been analyzed using large-scale proteomic techniques, due to their reversible and labile nature, low stoichiometric abundances, and effects on protein digestion and ionization. These challenges can be addressed using selective enrichment and derivatization strategies. In this section, we focus primarily on phosphorylation since major advancements in high-throughput analyses of this PTM have allowed, over the last decade, significant insights into plant--microbe interactions.

Protein phosphorylation is a fundamental mechanism for signal transduction in which a phosphoryl group is transferred by a protein kinase to either a serine, threonine, tyrosine, or histidine residue (Benschop et al., [@B3]; Huber, [@B29]). While kinases phosphorylate proteins, phosphatases remove the phosphoryl group from them, allowing for reversible regulation. Upon perception of microbial signals, kinases, and phosphatases target specific proteins, often modifying complex signaling cascades that allow for rapid responses. A variety of proteomic techniques lend themselves to the identification of phosphorylated proteins and phosphorylation sites (Grimsrud et al., [@B24]). 2-DE can be used to identify phosphorylated proteins, either by observing isoforms with lowered p*I*, by phospho-specific staining (e.g., ProQ^®^ Diamond), ^32^P-labeling, or immunoblotting with phospho-specific antibodies (Bindschedler and Cramer, [@B4]; Bond et al., [@B5]). Due to the inherent difficulties with 2-DE, LC-MS/MS analysis following gel-free separation and phosphopeptide enrichment is often the method of choice for phosphoproteomics.

A number of proteomic studies have identified protein phosphorylation events involved in plant--microbe interactions. Gerber et al. ([@B19], [@B18]) used ProQ^®^ Diamond staining followed by MALDI-TOF--TOF MS/MS to identify differentially phosphorylated *Nicotiana tabacum* proteins upon elicitation with lipopolysaccharides from *Burkholderia cepacia*. Trapphoff et al. ([@B74]) combined immunoblotting and MS to identify phosphorylated proteins in defense-related pathways in *M. truncatula* cell suspension cultures after inoculation with *A. euteiches*. A recent study used 2-DE to separate ^33^P-labeled samples of *Lotus japonicus* roots treated with symbiotic- (Nod factors) and pathogen- (flg22) elicited signaling molecules, revealing phosphorylation of both unique and shared proteins during symbiotic and defense responses (Serna-Sanz et al., [@B69]). In our own work, we have identified thousands of sites of *in vivo* protein phosphorylation in *M. truncatula* roots by combining gel-free separation and phosphopeptide enrichment with nano-LC-MS/MS using multiple peptide fragmentation methods (Grimsrud et al., [@B25]). We have created an online resource (<http://www.phospho.medicago.wisc.edu>) for sharing this and future *M. truncatula* phosphoproteomic data.

While most PTM analyses to date have focused on phosphorylation, improvements in tools for studying a number of other important PTMs hold promise for future analysis of plant--microbe signal transduction, including protein prenylation, S-nitrosylation, and ubiquitylation (Rodriguez-Concepcion et al., [@B60]; Ciechanover, [@B11]; Angel Torres, [@B2]; Jaspers and Kangasjarvi, [@B32]). These three PTMs, specifically, have all been implicated in plant innate immunity and defense and may be critical for responses to microbes (Romero-Puertas et al., [@B62]; Zeng et al., [@B81]; Goritschnig et al., [@B23]).

Prenylated and S-nitrosylated proteins can be identified using a biotin-switch method in which residues are biotinylated and then purified and subsequently identified using MS (Jaffrey and Snyder, [@B31]; Kho et al., [@B39]). Cheng et al. ([@B10]) studied the response of soybean treated with lactofen, a soybean disease resistance-inducing herbicide. The authors analyzed LC-MS data using a custom bioinformatics program followed by 1D and 2D NMR, leading to the identification of six prenylated proteins never detected before in soybean. While the study of the redox proteome has not been widely applied to plant--microbe proteomics, Wang et al. ([@B77]) used biotin-switch technology followed by MALDI-TOF to identify S-nitrosylated proteins in *A. thaliana* upon infection with *P. syringae* pv. *tomato* DC3000 (*avrB*), implicating S-nitrosylation of *AtSABP3* as affecting plant immunity. MS is also well-suited for identifying ubiquitylated proteins, as tryptic digestion generates missed cleavages at modified lysines, which can be used for differential identification between samples (Bond et al., [@B5]). In addition, digestion of the ubiquitin protein itself leaves behind a di-glycine remnant on the modified lysine of target proteins, which can be utilized for immuno-affinity enrichment as well as a diagnostic in MS/MS spectra (Xu et al., [@B80]). Ubiquitylation in plants, however, is much less understood than in animals and only four large-scale studies have been published to date (Maor et al., [@B49]; Manzano et al., [@B48]; Igawa et al., [@B30]; Saracco et al., [@B66]). Future large-scale analyses of these and other PTMs should provide important insights into signal transduction mechanisms in plant--microbe interaction systems.

Future Perspectives on Plant--Microbe Proteomics
================================================

Although major advancements in plant--microbe proteomics have been made using model plants, there has been a recent trend to develop similar approaches in crops. Further insights into how these plants respond to symbiotic and pathogenic microorganisms will lead to improved agricultural practices, including proteomics-based fungicides (Fernandez Acero et al., [@B17]).

The biggest hindrance to proteomic application is the scarcity of sequence information and well-annotated protein databases. While techniques such as *de novo* sequencing and "proteogenomics" compensate for this deficiency, a significant need exists to expand and curate plant protein databases (Castellana et al., [@B8]). Many existing databases, including plant proteome database, plprot, post-translational modification database, *Medicago* phosphoprotein database, rice proteome database, and LegProt, should be expanded and integrated in the future (Komatsu et al., [@B42]; Kleffmann et al., [@B41]; Sun et al., [@B71]; Grimsrud et al., [@B25]; Gnad et al., [@B21]; Lei et al., [@B45]). Proteomic analyses of plant--microbe interactions have provided better understanding of plant defense- and symbiosis-induced responses. However, the lack of published work using quantitative and *in vivo* proteomic techniques is striking. There is also a need for performing more biological and not just technical replicates in experiments that do utilize quantification. Furthermore, while most proteomic studies provide protein identification and functional predictions, the majority of them do not test their hypotheses using genetics, even when the tools are available. Coupling proteomic analyses with genetics and other omics approaches, while not yet widely applied, would strengthen the biological significance of many studies (Kint et al., [@B40]). A more systematic integration of these complementary approaches will provide useful information that will allow for better prediction and manipulation of plant responses to symbiotic and pathogenic microbes.
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